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Abstract: The most common bone cement material used clinically today for orthopedic surgery is 
poly (methyl methacrylate) (PMMA). Conventional PMMA bone cement has several mechanical, 
thermal, and biological disadvantages. To overcome these problems, researchers have inves- 
tigated combinations of PMMA bone cement and several bioactive particles (micrometers to 
nanometers in size), such as magnesium oxide, hydroxyapatite, chitosan, barium sulfate, and 
silica. A study comparing the effect of these individual additives on the mechanical, thermal, 
and cell functional properties of PMMA would be important to enable selection of suitable 
additives and design improved PMMA cement for orthopedic applications. Therefore, the 
goal of this study was to determine the effect of inclusion of magnesium oxide, hydroxyapa- 
tite, chitosan, barium sulfate, and silica additives in PMMA on the mechanical, thermal, and 
cell functional performance of PMMA. American Society for Testing and Materials standard 
three-point bend flexural and fracture tests were conducted to determine the flexural strength, 
flexural modulus, and fracture toughness of the different PMMA samples. A custom-made 
temperature measurement system was used to determine maximum curing temperature and 
the time needed for each PMMA sample to reach its maximum curing temperature. Osteoblast 
adhesion and proliferation experiments were performed to determine cell viability using the 
different PMMA cements. We found that flexural strength and fracture toughness were sig- 
nificantly greater for PMMA specimens that incorporated silica than for the other specimens. 
All additives prolonged the time taken to reach maximum curing temperature and significantly 
improved cell adhesion of the PMMA samples. The results of this study could be useful for 
improving the union of implant-PMMA or bone-PMMA interfaces by incorporating nanopar- 
ticles into PMMA cement for orthopedic and orthodontic applications. 
Keywords: poly(methyl methacrylate), magnesium oxide, hydroxyapatite, chitosan, barium 
sulfate, silica, flexural strength, fracture toughness, curing temperature, cell viability 

Introduction 

Joint replacement surgery is one of the greatest medical advances of modern 
medicine. The annual number of hip and knee replacements is now reaching 
500,000 in the USA.^ Two methods for implanting femoral stems in total hip arthro- 
plasty are available.^ First, the femoral stem may be press-fitted into the femoral 
bone. Second, it may be secured with the femoral bone using bone cement. Metals 
are the most common femoral stem material. Metals used in femoral stems include 
titanium, stainless steel, and cobalt chrome. Bone cement is used in joint replace- 
ment surgeries. The most common bone cement material used is poly(methyl 
methacrylate) (PMMA). PMMA cement is associated with several drawbacks that 
limit its efficacy, such as a strong exothermic reaction, weak radiopacity, and poor 
mechanical strength compared with the host bone. The most challenging issue 
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associated with commercially available PMMA bone 
cements such as Cobalt® (Biomet Inc., Warsaw, IN, 
USA), Simplex™ (Stryker Corporation, Kalamazoo, 
MI, USA), and Palacos® (Heraeus Holding GmbH, Hanau, 
Germany) when used in total joint replacement is their poor 
osseointegration, ie, incorporation of the cement into the 
surrounding bone tissues.^ Polymeric materials are known 
to have an exothermic reaction during polymerization. This 
releases heat, and can cause damage to the surrounding bone 
cells as well as other adjacent tissues. Other reported problems 
include infection and loosening of the cement at the bone- 
cement interface."^ One way to reduce the risk of infection 
and loosening would be to promote growth of osteoblasts 
around the cemented surfaces. Such cells would eliminate 
contact between the bone and the environment and restrict 
contamination at the cemented prosthetic joint. Another way 
to reduce loosening would be to increase the mechanical 
interlocking between bone and cement. This can be done 
by enhancing the surface roughness of the PMMA cement. 
Several research groups have reported improvement in the 
biological, thermal, and mechanical properties of PMMA 
bone cement after incorporating various types of additive 
particles (AP) into the cement. Specifically, at least one 
biological, thermal, or mechanical benefit has been reported 
due to incorporation of magnesium oxide (MgO), hydroxy- 
apatite (HAp), chitosan (CS), barium sulfate (BaSO^), or 
silica (Si02) with PMMA.^~^^ Ricker et aP investigated the 
influence of nanosized MgO AP on the thermal, surface, 
and cytocompatibility properties of PMMA cement. They 
reported that, compared with PMMA containing microsized 
MgO, PMMA with nanosized MgO reduced the harm- 
ful exothermic behavior of PMMA during solidification 
and also increased radiopacity and improved osteoblast 
function. Serbetci et aP found that addition of HAp to low- 
viscosity cement compositions caused an increase in compres- 
sive strength and compressive elastic modulus (addition of 
7.7% [weight/weight {w/w}] and 14.3% [w/w] HAp), but 
caused a decrease in tensile strength. Tunney et aP found 
that incorporating CS into gentamicin-loaded Palacos R bone 
cement for use in revision surgery had no clinical antimicro- 
bial benefit, and its detrimental effect on mechanical properties 
could adversely affect the longevity of the prosthetic joint. 

Studies reported by Ricker et aP and Gillani et aP^ dem- 
onstrated that PMMA containing BaSO^ significantly altered 
the mechanical properties and osteoblast function associated 
with PMMA. Hong et aP^ found improved glass transi- 
tion temperature, surface hardness, flexural strength, and 
impact strength for PMMA reinforced by SiO^ nanoparticles 
compared with PMMA alone. 



The above studies suggested that MgO, HAp, CS, BaSO^, 
and SiO^ confer additional thermal, biological, and mechani- 
cal benefits to PMMA. However, we are not aware of a 
comparative study of the mechanical, thermal, and biological 
performance of PMMA with respect to that of PMMA bone 
cement incorporating those AP. Such research would be of 
interest to those working on the design of novel or improved 
bone cements for orthopedic applications, such as total hip 
arthroplasty. 

Although the success rates for total hip arthroplasty 
are now around 97%, the problems of osteolysis and 
aseptic loosening have yet to be resolved. A common 
cause of cemented joint failure involves loosening at the 
bone-cement or implant-cement interface. This begins 
with microfracture at the interface and progresses with 
cyclical physiological loading, most notably due to mixed 
mode stresses. Our previous studies found that addition of 
MgO nanoparticles to PMMA cement improved the fracture 
toughness of the bone/PMMA interfaces. Additionally, our 
previous studies found that micron diameter polycaprolac- 
tone fiber coating on titanium surface improved the fracture 
toughness of the titanium/PMMA interfaces. Increased 
surface roughness, local contact stress, and surface 
energy are some of the major mechanical factors con- 
tributing to the improvements seen with these cemented 
implants. ^^"^^ Increased surface roughness decreases 
the risk of crack micromovement at the interface, thus 
increasing load and elongation at the fracture. Cements 
incorporating microsized or nanosized MgO particles have 
a lower elastic modulus and higher exothermic curing 
temperatures^ than those without MgO. Lower modulus 
cement can diminish local contact stresses at the bone- 
cement interface. Residual stresses caused by the exo- 
thermic temperature difference can influence the fracture 
energies at the bone-cement interface. The accumulation 
of stresses due to differences in modulus and temperature 
at the interface of bone-cement or implant-cement with 
AP can be lower than that without AP, resulting in higher 
interface fracture strength for interfaces with AP than 
those without AP. Osseointegration is another promising 
technique for improving cemented implants. Improve- 
ment of the implant interface properties to avoid loosing 
of the implant from the host tissue have been a focus in 
our research, particularly the improvement of the bone- 
cement and titanium-cement interfaces for the cemented 
implants. The suitability of using PMMA cement with 
AP inclusions to solve the loosening problem requires 
a detailed understanding of its mechanical, thermal, and 
cell function properties. Therefore, the goal of this study 
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Figure I (A) Evex mechanical test system (Evex Analytical Instruments Inc., Princeton, NJ, USA) used for the three-point flexural and fracture tests In the different 
PMMA samples. (B) Fabricated Indenter and support fixtures for flexural tests. (C) Alignment of a notched specimen during fracture tests. During the tests, two lines 
perpendicular to each other were drawn to align the center of the notch with the center of the roller on the Indenter using a Nikon stereomlcroscope and NIS BR software 
(Nikon, Tokyo, Japan). 

Abbreviation: PMMA, poly(methyl methacrylate). 



was to identify microsized to nanosized AP that would not 
only increase surface roughness, attenuate the exothermic 
reaction, and enhance cell adhesion to PMMA cement, but 
would also increase the strength of the implant-cement or 
bone-cement interface. To achieve this goal, we compared 
the mechanical, thermal, and biological performance of 
PMMA bone cement samples incorporating AP (MgO, 
HAp, CS, BaSO^, or SiO^). 

This study focused on three research questions as fol- 
lows: whether there is a significant difference in mechanical 
properties (flexural strength, flexural modulus, and fracture 
toughness) between PMMA (control) and PMMA-AP 
cements; whether there is a significant difference in thermal 
properties (maximum curing temperature and time taken to 
reach maximum curing temperature) between PMMA and 
PMMA-AP cements; and whether there is a significant dif- 
ference in cell function (adhesion and proliferation) between 
PMMA and PMMA-AP cements. 

Materials and methods 

Materials 

Cobalt HV was used as the PMMA cement. MgO, HAp, 
CS, BaSO^, and SiO^ AP were used as the additives for the 
PMMA bone cements. All AP were purchased from Sigma- 
Aldrich (St Louis, MO, USA). 



Sample preparation 

Mechanical tests 

Evex mechanical test system (Evex Analytical Instruments 
Inc., Princeton, NJ, USA) were used for the three-point 
flexural and fracture tests on the different PMMA samples 
(Figure lA). Following the manufacturer's recommenda- 
tions, PMMA specimens were prepared by hand mixing 
2.2 g of PMMA powder with 1.1 mL of methyl methacry- 
late monomer using a powder to monomer ratio of 2: 1 . Ten 
wt% (0.22 g) of the selected AP were mixed with 1.98 g 
of PMMA beads to prepare PMMA with AP-added PMMA 
cements. The mixers were added with 1 . 1 mL of methyl meth- 
acrylate monomers maintaining the same powder to monomer 
ratio of 2:1 for preparation of the respective PMMA-AP 
samples (PMMA-MgO, PMMA-HAp, PMMA-CS, PMMA- 
BaSO^, and PMMA-Si02). All samples were cured in a 
custom-made mold^^ at 60 kPa (the pressure used during ortho- 
pedic surgical procedures)^^ to a block of size 20x8x10 mm. 
The pressure was applied at exactly 3 minutes after the start 
of mixing and was sustained throughout the curing period 
(approximately 15 minutes). To prepare American Society 
for Testing and Materials F4 17-78 standard flexural test 
samples (Figure IB),^^ 20x4x2 mm blocks were cut from 
the 20x8x10 mm block using an IsoMet® low-speed cutter 
(Buehler, Lake Bluff, IL, USA). A 4x0.012x0.5 inch wafering 
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blade was used to cut the samples. To prepare the American 
Society for Testing and Materials E399-83 single-edge notch 
bend test samples (Figure IC),^^ 20x4x2 mm blocks were cut 
from a 20x8x1 0 mm block using the low- speed cutter. To pre- 
pare the single-edge notch bend test samples, a center notch 
was cut at the middle of the 20x4x2 mm cement samples 
using the low- speed cutter. A 4x0.012x0.5 inch wafering 
blade was used to cut the samples. The samples were stored 
in an antistatic ziplock bag at room temperature. 

Thermal test 

The PMMA samples were prepared as described in the 
previous section. The mold used for preparing the samples 
for mechanical testing was also used for the thermal experi- 
ments (Figure 2). The only difference was one of the side 
blocks in the mold used in the thermal experiment had a hole 
through which a thermocouple was accessed at the center of 
the curing PMMA cement. 

Cell function tests 

Two groups of samples were prepared for cell adhesion and 
proliferation tests. An acrylic sheet (half an inch thick) was 
used to create a well for the cell culture (Figure 3). Holes 
(height 1 1 mm and diameter 9.525 mm) were milled using a 
computer numeric control machine. PMMA specimens were 
prepared by mixing 0.5 g of PMMA beads with 0.25 mL 
of methyl methacrylate. The PMMA-AP specimens were 
prepared by mixing 0.05 g of the selected additives with 
the PMMA beads and dissolving the mixture produced 
with 0.25 mL of methyl methacrylate. All PMMA samples, 
while still pliable, were divided into four parts using a 
knife and poured on the well. Each part of the samples was 
hand-pressed during curing by a flat-ended inch highly 



polished round bar. All the wells were wrapped in plastic. 
Cell adhesion and proliferation test sample wells were kept 
in a bio-hood under ultraviolet light until cell culture. 

Scanning electron and atomic force microscopy 

Scanning electron microscopy (SEM) and atomic force 
microscopy (AFM) samples of the different PMMA formu- 
lations were prepared in the same acrylic wells as discussed 
in the previous section. A 5x5 mm coupon was cut out 
around the center of the well using a low- speed saw cutter to 
prepare the SEM and AFM samples. All wells were wrapped 
in plastic and stored at room temperature until analysis. 

Experiments 

Particle size analysis 

Particle sizes were measured by the laser diffraction method 
using a Mastersizer MS3000 (serial number MAL1057538; 
Malvern Instruments Inc., Westborough, MA, USA). The 
MS3000 can measure the particle size distribution across a 
range of 0.01-3,500 |im. The samples were analyzed dry using 
Aero S accessories dry powder disperser (Malvern Instruments 
Inc., Westborough, MA, USA). Each sample was mixed well 
by gently turning the container upside down several times. 
The material was scoop-sampled and placed into the vibra- 
tory hopper of the Aero S. Consecutive repeat measurements 
(each 1 second in duration) were undertaken to assess the 
reproducibility of measurement, which is a function of the 
homogeneity of the material. The mass flow was adjusted until 
a stable and correct particle concentration was achieved at 4 bar 
and then kept constant for the remainder of the experiments. 
The maximum diameter of the particle size for 10, 50 and 90 
percentage volume for each of the AP, represented by D(10), 
D(50), and D(90), were extracted from the MS3000 report. 



A B 




Figure 2 (A) Schematic view of the experimental setup for measurement of exothermic temperature of PMMA cement. (B) Fabricated setup for measurement of exothermic 
temperature of PMMA cement. 

Note: InstruNet: Omega Engineering, Inc., Stamford, CT, USA. 
Abbreviation: PMMA, poly(methyl methacrylate). 
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Mechanical tests 

The three-point bend tests on the rectangular and notched 
samples were conducted at room temperature and at a 
loading rate of 0.01 mm/sec using a tensile stage (Evex 
Analytical Instruments Inc., Princeton, NJ, USA) as shown 
in Figure lA. The stage was assembled with a 300 N load 
cell. The specimens were mounted on the custom-made 
three-point bend indenter and support in the test stage during 
the flexural tests (Figure IB). During the single-edge notch 
bend test, an SMZIOOO stereomicroscope with a DS-Fi-1 
camera and U2 controller (Nikon, Tokyo, Japan) was used to 
align the notch center of the specimen and the center of the 
indenter round edge. Figure IC shows the alignment of the 
single-edge notch bend specimen center with the center of 
the three-point bend indenter on the Evex test stage. Nikon 
NIS BR visualization software was used for the alignment. 
Load and displacement were continuously recorded using 
Evex nanoanalysis software until failure of the specimens. 
Several mechanical performance parameters were derived 
from the three-point bend flexural test for the various PMMA 
specimens. Stress and strain were calculated from load and 
displacement data using: 

(7=3PS/2BW^ [1] 

and 

£ = 6dW/S^ [2] 

respectively, where P is the incremental load, d is the incremen- 
tal deflection, S is the standard loading span for the three-point 
bend specimen, B is the thickness, and W is the width of the 
specimen. Flexural strength, was calculated using 

'y, = ^P^..S/2BW' [3] 



where P is the ultimate load (force at failure). The value 

max ^ 

of the bending modulus, E, for a three-point bend specimen 
was measured from the slope of the stress-strain curve at 
the elastic region. From the single-edge notch bend test, the 
maximum load, P , at the onset of crack extension from 

' max' 

the notch tip was recorded from load displacement data. P 

^ ^ max 

was used to calculate the mode I fracture toughness, K^^ using 
the relationship:^^ 

K,^ = P,^^SmiBW"' [4] 

where S is the span length (ie, the length between two support 
rollers), a is the normalized initial crack length {a^alW), and 
J{(X) is a dimensionless geometric function. The following 
equation was used to calculate /(<^)-^^ 

Xaf^ [l .99 - {a){\ - a) x (2. 1 5 - 3.93a + 2.7(a)' )] 
^^""^^ 2(l + 2(a))(l-a)- ^ 

Thermal tests 

A custom-made temperature measurement system (Figure 2A 
and 2B) was used to determine the temperature changes 
for the different PMMA cements in an insulated acrylic 
mold. A four-channel DI-IOOO-TC thermocouple (DATAQ 
Instruments, Akron, OH, USA) was used to measure the 
temperature changes in the bone cements. The thermocouple 
was connected to a data acquisition device that was in turn 
connected to a computer utilizing InstruNet software for data 
collection. The PMMA sample was placed on the acrylic 
mold. The thermocouple needle was inserted up to the center 
of the sample through the side block hole. The sample was 
pressed from above by a set of weights equivalent to 60 kPa 
pressure. The temperature change was recorded by the 
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thermocouple needle every 25 seconds for 30 minutes until 
the PMMA sample was completely solidified. 

Cell adhesion tests 

Osteoblast adhesion to the PMMA and PMMA-AP samples 
was investigated using mouse osteoblasts (MT3T3E1; 
American Type Culture Collection, Manassas, VA, USA). 
The cells were cultured according to American Type Culture 
Collection instructions using a cell viability test protocol 
as depicted in Figure 3A. Cells were seeded at a density of 
3,500 cells/mL in each well and incubated under standard 
conditions (a humidified, 5% CO^, and 95% air environment 
at 37°C) for 4 hours. Cells were fixed in 10% neutral buffered 
formalin and stained using 4',6-diamidino-2-phenylindole, 
a DNA-binding fluorescent probe. Cells were counted in 
five fields per substrate and images were captured with a 
BX41 fluorescent microscope (Olympus, Tokyo, Japan) at 
lOOx total magnification. Cell numbers were counted using 
Nikon BR image processing software. 

Cell proliferation tests 

For the proliferation tests, the cells were cultured for an 
hour according to the same method described in the previ- 
ous section. Proliferation was analyzed using a Click-iT kit 
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). 
Briefly, samples were incubated for 1 hour in the pres- 
ence of ethynyl-deoxyuridine, a modified nucleotide that 
is incorporated into cells, replicating their DNA during the 
proliferation process. Samples were fixed for 5 minutes in 
ice-cold methanol and incubated for 30 minutes with an 
CHck-iT® EdU Alexa-488 (Molecular Probes, Eugene, OR, 
USA), fluorescent tag to label the ethynyl-deoxyuridine 
nucleotides. After washing in phosphate-buffered saline, 
the samples were mounted with 80% glycerol/phosphate- 
buffered saline containing 4',6-diamidino-2-phenylindole to 
counterstain all nuclei blue. 

Scanning electron microscopy 

Using a Quanta 600 field-emission gun environmental SEM 
with an Evex X-ray energy dispersive spectroscopy micro- 
analysis system (FEI; Thermo Fisher Scientific), the PMMA 
samples prepared to characterize AP dispersion and surface 
topography. The prepared SEM samples were sputter-coated 
with gold and palladium for 1 minute. 

Atomic force microscopy 

Using a multimode scanning probe microscope with an 
AFM module (Veeco, Santa Clara, CA, USA), the PMMA 
samples prepared to provide quantitative evidence of the 



difference in surface roughness for different PMMA samples. 
The prepared SEM samples were sputter-coated with 
gold and palladium for 1 minute. All roughness values 
(R , R , R ) were measured in three areas on each substrate 
using installed software (Nanoscope 4.42, Veeco). 

Statistical analysis 

Data collated for all experimental tests were evaluated for 
statistical significance using one-way analysis of variance 
with subsampling. To determine specifically which means 
were significantly different, multiple comparisons were 
performed using Fisher's protected least significant differ- 
ence. All the tests were conducted using SAS version 9.1 
(SAS Institute, Cary, NC, USA). For all analyses, statistical 
significance was considered as P<0.05. 

Results 

Particle size 

Table 1 shows the particle size distribution of the MgO, HAp, 
CS, BaSO^, and Si02 powders obtained by laser diffraction. 
The average particle sizes of the AP were mainly micrometer 
in scale. The average particle size of MgO was lowest and CS 
was highest when compared with the other AP particles. 

Mechanical tests 

The stress-strain behavior of PMMA was influenced by 
incorporation of AP (Figure 4A). The flexural strength (cr^ 
and flexural modulus (E) under bending loading conditions 
was calculated from the stress-strain data for all the bone 
cements (Table 2). These data, along with the bar diagram 
(Figure 4B), were used to identify significant differences in 
flexural strength when comparing the control cement (PMMA) 
with the cements containing AP. Figure 4B shows that: the 
mean of the Si02 specimens was significantly greater 
than the mean of all other specimens; the mean of the 
PMMA-BaSO^ specimens was significantly greater than the 
mean <7^ of the PMMA-MgO specimens; and no significant 
difference existed between the mean cr, of the PMMA control. 



Table I Particle size parameters of the additive powders used 
in the study 



Types 


D(IO)M^m) 


D(50) (^m) 


0(90)'^ (^m) 


MgO 


0.05 


0.38 


0.61 


HAp 


0.56 


1.17 


35.5 


Chitosan 


125 


454 


1,000 


BaSO^ 


0.7 


1.7 


3.38 


SiO^ 


6.84 


15.4 


30.3 



Notes: ^D( 1 0) indicates that 1 0% of the powder particles are smaller than this value; 
^D{90) indicates that 90% of the powder particles are smaller than this value. 
Abbreviations: CS, chitosan; D, diameter; HAp, hydroxyapatite; MgO, magnesium 
oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 
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Figure 4 (A) Stress versus strain plots of PMMA samples tested during this study. (B) Bar diagram of the variation In flexural strength of PMMA samples due to variation 
of additives to PMMA. 

Notes: Data are presented as the mean ± standard error of mean; n=3 for PMMA-CS; n=4 for the rest of the samples. *P<0.05 (compared with PMMA). 
Abbreviations: CS, chltosan; HAp, hydroxyapatlte; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SIO^, silica. 



PMMA-CS, and PMMA-HAp. Table 2 shows the differences 
of the values of E of additives included in the PMMA samples 
with respect to the values of E of PMMA. The results show 
that: the mean E of the SiO^ specimens was significantly 
greater than the mean E of all other specimens; the mean E of 
the PMMA and PMMA-BaSO^ specimens was significantly 
greater than the mean modulus of the PMMA-MgO speci- 
mens; and no significant difference existed between the mean 
E of PMMA-CS and PMMA-HAp. Figure 5 compares the 
fracture toughness of various composite cements with respect 
to the fracture toughness of PMMA. Results show that incor- 
poration of HAp, CS, and Si02 AP with PMMA significantly 
influences the fracture toughness of the PMMA. Furthermore, 
Table 2 shows that the mean values of the fracture toughness 
of all AP incorporated PMMA samples were higher than the 
mean values of the fracture toughness of PMMA samples. 

Thermal tests 

Figure 6 shows the variation in curing temperature with respect 
to time for the different PMMA samples. All samples showed 
the similar characteristic of temperature increase to a peak 



temperature (r ) and a temperature decrease after T . It is also 
evident from the graph that the AP influenced the time taken 
to reach T , which was lowest for the PMMA samples without 
additives when compared with PMMA samples including addi- 
tives. The PMMA cement incorporating SiO^ took the longest 
to reach maximum temperature. Given that thermal stress is 
proportional to rise in temperature, the thermal stress created 
in the PMMA samples must be higher than in the PMMA-AP 
samples. Table 3 shows the curing temperature of the different 
samples at intervals of 0, 2.5, 5, 7.5, 10, 12.5, and 15 minutes. 
Table 3 also shows the maximum T and time taken to reach 

c 

r . MgO-containing, CS-containing, and BaSO^-containing 
PMMA cements showed a lower maximum temperature 
than PMMA samples, whereas the HAp-containing and 
Si02-containing PMMA cements showed higher maximum 
temperatures than the PMMA samples. 

Cell adhesion tests 

Figure 7A shows the mean osteoblast density for the dif- 
ferent PMMA sample types. The bar diagram in Figure 7B 
demonstrates how the AP affected cell viability in the PMMA 



Table 2 Mechanical properties of the different cennents 

Mechanical properties PMMA PMMA-MgO PMMA-HAp PMMA-CS PMMA-BaSO^ PMMA-SiO^ 

Flexural strength (MPa) 63.74+5.36 60.52+1.31 65.93+5.54 63.06+2.42 69.60+2.74 80.44+3.97 

(n=4) (n=4) (n=4) (n=3) (n=4) (n=4) 

Bending modulus (MPa) 895.5+9 1 .89 947.5+59.09 946+86.3 1 895.00+3 1 .6 1 1 ,020.25+57.2 1 1 ,079.50±55.34 

(n=4) (n=4) (n=4) (n=3) (n=4) (n=3) 

Fracture toughness (MPa.m'^^) 1 . 1 7+0. 1 7 1 .22+0.05 1 .46+0. 1 0 1 .44+0.08 1 .38+0.27 1 .47+0. 1 3 

(n^3) (rrf) {n=4) (n^3) (rrf) (n-4) 

Notes: Data in the table are represented in the following sequence: mean ± standard deviation (number of samples tested). 

Abbreviations: CS, chitosan; HAp, hydroxyapatlte; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 
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Figure 5 Bar diagram of the variation in fracture toughness of PMMA samples due 
to variation in additives to PMMA. 

Notes: Data are presented as the mean ± standard error of the mean; n=4 for 
PMMA-HAp and PMMA-SiO^; n=3 for the rest of the samples. *P,0.05 (compared 
with PMMA). 

Abbreviations: CS, chitosan; HAp, hydroxyapatite; MgO, magnesium oxide; PMMA, 
poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 

samples. The cell density of the PMMA specimens when 
additives were included was significantly greater than the cell 
density of PMMA alone, suggesting that MgO, HAp, CS, 
BaSO^, and Si02 have a positive influence on cell activity 
in PMMA. 

Cell proliferation tests 

No proliferation in the cement samples was found, except for 
a few cells (Figure 8). However, there were many instances of 
paired cells being found close together, suggesting cell division 
had occurred. It would have been better to run at least a 24-hour 
proliferation assay to confirm that some of the cells were divid- 
ing. Proliferation tests were conducted for an hour since the 
osteoblasts on a coverslip showed a good degree of prolifera- 
tion (about 50%) after an hour. These results suggest that it 
may take longer for cells to become accustomed to the bone 
matrix material than for cells to acclimate to coverslips. 



SEM and AFM analysis 

Qualitative and quantitative examination of SEM and AFM 
images and data for the different PMMA cements show that 
the pure PMMA and PMMA-CS samples were less rough 
than the PMMA samples incorporating other AP (Figures 9 
and 10, Table 4). 

Discussion 

MgO is an inorganic white hygroscopic solid mineral that 
occurs naturally as periclase and is a source of magnesium. 
This study found that MgO nanoparticles significantly 
reduced the flexural strength of PMMA (Figure 4). PMMA- 
MgO samples had the lowest flexural strength when com- 
pared with the other PMMA-AP cements. No significant 
change in fracture toughness values was found for PMMA- 
MgO samples when compared with PMMA and PMMA- 
BaSO^. PMMA-MgO samples had lower K^^ values than 
the other PMMA-AP cements. MgO nanoparticles improved 
the thermal performance of the PMMA samples by reducing 
the maximum curing temperature (T^^^J of PMMA, although 
the T for the PMMA-MsO samples was lower than for the 

max ^ ^ 

other PMMA-AP cements (Figure 5 and Table 3). The time 
taken for the PMMA-MgO samples to reach T^^^^ was longer 
than for the other PMMA-AP cements, except PMMA-Si02. 
No negative cell viability effect on PMMA due to addition of 
MgO was observed (Figure 6). These results suggest that the 
detrimental effect of addition of MgO nanoparticle additives 
on the mechanical properties of PMMA bone cement could 
offset the thermal and biological benefits achieved by inclu- 
sion of MgO. The results of our thermal and cell viability 
studies are in agreement with those of Ricker et aP who also 
found less harmful exothermic reactions of PMMA during 
solidification, and increased osteoblast adhesion on PMMA 
incorporating MgO nanoparticles, compared with PMMA 
alone. To our knowledge, no studies have attempted to deter- 
mine the flexural and fracture properties of MgO-containing 
PMMA cements. 



Table 3 Descriptive statistics of the curing experiment data for PMMA sannples 



Sample type 




Time (minutes) 
0 2.5 


5 


7.5 


10 


12.5 


15 


Maximum 
temperature 

rc) 


Time to reach 
maximum temperature 
(minutes) 


PMMA (sample 


#1) 


28.97 


29.41 


30.34 


32.23 


54.50 






54.50 


10.00 


PMMA (sample 


#2) 


28.97 


29.41 


30.34 


32.23 


54.50 






54.50 


10.00 


PMMA-MgO 




29.50 


29.95 


30.17 


30.72 


32.09 


38.95 


51.08 


51.08 


14.17 


PMMA-HAp 




29.96 


31.17 


31.91 


33.07 


40.83 


59.97 




63.70 


12.08 


PMMA-CS 




28.94 


29.16 


30.03 


31.60 


38.17 


51.32 




51.73 


12.08 


PMMA-BaSO^ 




28.69 


29.45 


29.99 


30.66 


33.17 


50.81 




50.81 


12.50 


PMMA-SiO^ 




28.63 


29.17 


29.43 


29.73 


30.01 


30.45 


30.97 


56.25 


25.00 



Abbreviations: CS, chitosan; HAp, hydroxyapatite; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 
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Figure 6 Time versus temperature graphs of different PMMA sample specimens. 
Abbreviations: CS, chltosan; HAp, hydroxyapatlte; MgO, magnesium oxide; PMMA, 
poly(methyl methacrylate); BaSO^, barium sulfate; SIO^, silica. 

HAp is a predominantly crystalline inorganic com- 
pound, although it may exist in amorphous forms. In our 
study, HAp particles did not affect the flexural strength of 
PMMA (Figure 4). However, the PMMA-HAp samples 
had a higher compared with the PMMA-MgO cement 
and a lower compared with PMMA-SiO^ cement, but 
showed no difference in (7^ when compared with the other 
PMMA-AP samples. A significantly higher K^^ value was 
found for PMMA-HAp samples than for control PMMA 
and PMMA-MgO samples, but no difference in K^^ 
was found between PMMA-HAp and other PMMA-AP 
samples. HAp had a negative effect on the thermal per- 
formance of PMMA samples by increasing the maximum 
curing temperature of PMMA. Additionally, PMMA-HAp 
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Figure 7 Bar diagram of the variation In cell density with PMMA samples due to 
variation In additives to PMMA. 

Notes: Data are presented as the mean ± standard error of the mean; n=8. *P<0.05 
versus PMMA. 

Abbreviations: CS, chltosan; HAp, hydroxyapatlte; MgO, magnesium oxide; PMMA, 
poly(methyl methacrylate); BaSO^, barium sulfate; SIO^, silica. 



samples showed the highest T^^^ when compared with other 
PMMA-AP cements (Figure 5 and Table 3). The time 
taken for PMMA-HAp to reach T was found to be higher 

^ max ^ 

than for PMMA cements lacking additives, lower than for 
PMMA-MgO and PMMA-Si02 cements, and not different 
to that for PMMA-CS and PMMA-BaSO^ cements. We 
found no negative cell viability effect on PMMA due to 
addition of HAp (Figure 6). 

The above results suggest that a detrimental curing 
temperature effect could override the mechanical and bio- 
logical benefits achieved by inclusion of HAp in PMMA. 
The results of our mechanical and thermal studies are in 
agreement with those of Chu et aP^ who found inclusion 
of 1 0%-20% HAp had significant beneficial effects on the 
mechanical properties of PMMA and that more than 40% 
HAp should be mixed into PMMA to reduce the peak curing 
temperature. However, the results of our thermal studies are 
not in agreement with those of Serbetci et aP who reported a 
decrease in peak curing temperature when HAp was added 
to PMMA. This difference is likely due to the different 
experimental conditions affecting heat dissipation. Our study 
modified the experimental conditions used by Serbetci et al 
to include the use of an insulating mold to minimize heat 
dissipation during the curing process. 

CS is a natural polymer with coagulation and floccula- 
tion properties that can be used to treat organic or inorganic 
particulate suspensions and also to treat dissolved organic 
materials (including dyes and humic acid).^"^ Like HAp 
particles, CS particles did not affect the flexural strength 
of PMMA in our study (Figure 4). PMMA-CS samples 
also had a higher than the PMMA-MgO cement and a 
lower (7^ than the PMMA-SiO^ cement, with no difference 
in (7^ when compared with the other PMMA-AP samples. 
A significantly higher AT^^ value was found for PMMA-CS 
samples than for PMMA and PMMA-MgO, with no differ- 
ence in K^^ for PMMA-CS when compared with the rest of 
the PMMA-AP samples. In contrast with HAp, CS had a 
positive effect on the thermal performance of the PMMA 
samples by decreasing the maximum curing temperature of 
PMMA. T for the PMMA-CS samples was lower than for 

max ^ 

the PMMA only, PMMA-HAp, and PMMA-SiO^ samples 
and similar to the T of the remaining PMMA-AP samples 

max ^ ^ 

(Figure 5 and Table 3). Further, PMMA-CS reached T 

^ (=> / ' max 

at a lower temperature than the other PMMA-AP samples. 
Our study found no negative cell viability effects on 
PMMA when CS was added (Figure 6). These results 
suggest that CS is one of the most suitable additives for 
PMMA cement based on the mechanical, thermal, and 
biological benefits achieved. The results of our flexural 
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tests are in agreement with those of Tunney et aP who 
also reported finding no significant difference in flexural 
strength between PMMA and PMMA containing CS. 
To our knowledge, no studies have attempted to determine 
the fracture and curing properties of PMMA cements that 
include CS. 

BaSO^ is an inorganic compound with a white opaque 
appearance and is used as a radiopacifying agent. We found 
that the modes of fracture for both PMMA cements and 
PMMA cement containing BaSO^ ceramic microparticles 
were brittle. The same phenomena was also observed by 
Gillani et al.^° In contrast, the values for fracture strength 



and Young modulus of PMMA and PMMA containing BaSO^ 
reported by Gillani et aP^ were four to five times lower than 
those values found in our study. This difference is due to 
the difference of the mechanical tests to find those values: 
tension tests were conducted, whereas bending tests were 
conducted during our study. Young modulus under the tensile 
loading of PMMA and PMMA containing BaSO^ reported by 
Gillani et aP^ were 4-5 times lower than those values under 
the bend loading in this study. Like HAp and CS particles, 
BaSO^ particles did not affect the flexural strength of PMMA 
(Figure 4). Moreover, PMMA-BaSO^ samples had a higher (7^ 
than the other PMMA-AP samples, except for PMMA-Si02. 
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Figure 9 Scanning electron micrographs of the different types of bone cement used in cell function tests (30,000x, scale bar 3 |Lim). (A) PMMA, (B) PMMA with MgO, 
(C) PMMA with HAp, (D) PMMA with CS, (E) PMMA with BaSO^, and (F) PMMA with SiO^. 

Abbreviations: CS, chitosan; HAp, hydroxyapatite; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 



The K^^ values of the PMMA-CS samples were not signifi- 
cantly different from that of PMMA or the other PMMA-AP 
samples. Like MgO and CS, BaSO^ had a positive effect on 
the thermal performance of PMMA samples by decreasing 
the maximum curing temperature of PMMA. The T^^^ for the 
additionally, the time taken for PMMA-BaSO, to reach T 

' 4 max 

was lower than for the other PMMA-AP samples. This study 



found no negative cell viability effect on PMMA due to addi- 
tion of BaSO^ (Figure 6). These results suggest that BaSO^ is 
also a suitable additive for PMMA based on the mechanical, 
thermal, and biological benefits achieved. The results of our 
thermal and cell viability studies are in agreement with those 
of Ricker et aF who also found less harmful exothermic reac- 
tions during solidification of PMMA and increased osteoblast 
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Figure 1 0 Atomic force micrographs of amplitude (A-F) and height (G-L) of PMMA, PMMA with MgO, PMMA with HAp, PMMA with CS, PMMA with BaSO^, and PMMA 
with SiO^. 

Abbreviations: CS, chitosan; HAp, hydroxyapatite; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica. 



Table 4 Atomic force microscopy RMS data for different PMMA samples 



Sample types 


RMS parameters 


Area 1 


Area 2 


Area 3 


Average 


Standard deviation 


PMMA 


R 

q 


7.75 


7.58 


18.60 


1 1.31 


5.16 




R^ 


5.18 


6.16 


15.80 


9.05 


4.79 






60.70 


46.30 


94.90 


67.30 


20.38 


PMMA-MgO 


R 

q 


30.80 


19.40 


19.70 


23.30 


5.30 




R^ 


24.70 


13.60 


14.40 


17.57 


5.05 






186.00 


169.00 


1 37.00 


164.00 


20.31 


PMMA-HAp 


R 

q 


20.60 


14.90 


9.75 


15.08 


4.43 




R^ 


16.00 


12.80 


7.42 


12.07 


3.54 




•^max 


1 36.00 


78.70 


58.40 


91.03 


32.86 


PMMA-CS 


R 

q 


6.21 


8.30 


16.40 


10.30 


4.39 




R 


4.87 


5.53 


13.10 


7.83 


3.73 




R 

max 


39.00 


74.10 


88.60 


67.23 


20.82 


PMMA-BaSO, 

4 


R 

q 


38.00 


13.70 


14.70 


22.13 


1 1.23 






29.30 


9.44 


12.10 


16.95 


8.80 




■^max 


237.00 


133.00 


93.80 


154.60 


60.42 


PMMA-SiO^ 


R 

q 


17.00 


19.10 


19.10 


18.40 


0.99 




R^ 


13.70 


15.30 


15.50 


14.83 


0.81 




R 


1 16.00 


130.00 


1 16.00 


120.67 


6.60 



Abbreviations: CS, chitosan; HAp, hydroxyapatite; MgO, magnesium oxide; PMMA, poly(methyl methacrylate); BaSO^, barium sulfate; SiO^, silica; RMS, root mean square; 
R^, roughness; R^, roughness average; R^^^, maximum roughness depth. 
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adhesion on PMMA-BaSO^ samples compared with PMMA 
alone. The results of our fracture tests are in agreement with 
those of Ginebra et aP^ who also found increased K^^ values 
for PMMA due to addition of BaSO^. 

SiO^ is an inorganic component. We found that Si02 par- 
ticles significantly increased the a^andK^^ values of PMMA 
(Figure 4). PMMA-Si02 samples had the highest and K^^ 
values when compared with other PMMA-AP cements. 
SiO^ had a negative effect on the thermal performance of 
PMMA samples by increasing the maximum curing tem- 
perature of PMMA. The T^^^ for PMMA- SiO^ samples was 
higher than that of the other PMMA-AP cements, except for 
PMMA-HAp (Figure 5 and Table 3). Also, the time taken 
for PMMA-SiO^ to reach T was higher than for the other 

2 max ^ 

PMMA and PMMA-AP cements. We found no negative cell 
viability effect on PMMA when Si02 was included (Figure 6). 
These results suggest that the detrimental curing temperature 
effect of addition of Si02 additives into PMMA bone cement 
could offset any mechanical and biological benefits achieved. 
The results of our flexural test and fracture test results are in 
agreement with those of Hong et aP^ and Chan et aP^ who 
reported increased flexural strength and fracture toughness of 
PMMA-SiO^ cements when compared with PMMA alone. To 
our knowledge, no studies have been done to determine the 
curing properties of PMMA cements incorporating Si02. 

The differences in cell density between the various 
PMMA samples are due to differences in AP type, dispersion, 
and topography, and can be seen easily in the SEM images 
(Figure 9). The differences in cell density between the dif- 
ferent PMMA samples are also due to differences in surface 
roughness, which can be seen easily in the AFM images and 
data (Figure 10, and Table 4). This observation is in agree- 
ment with that of Webster et aP^ who also reported that sur- 
face roughness enhances osteoblast and osteoclast function, 
thereby improving orthopedic/dental implant efficacy. 

Only one concentration (10% [w/w]) of the selected 
additives to PMMA cement was evaluated in this study. 
We also conducted studies using other concentrations (2%, 
6%, and 10%) of PMMA additives and similarly evaluated 
their mechanical, thermal, and cell function activity. The result 
of these studies will be published separately. The authors 
chose to evaluate 10% (w/w) of the selected additives in this 
study because this concentration can produce enhanced surface 
roughness at the implant-cement interface and bone-cement 
interface. This allows the surface roughness and interface 
fracture toughness relationship to be evaluated, which cannot 
be done using a low concentration of AP (2% and 6%) with 
PMMA. We also used 10% (w/w) of the selected additives 
to develop and compare the cell viability protocols and data 

International Journal of Nanomedicine 2014:9 



with the published literature for MgO and BaSO^.^ This study 
included only one thermal test on PMMA-AP samples because 
an identical result was found fi^om thermal tests on two control 
(PMMA) specimens. Therefore, the authors assumed the ther- 
mal test data for PMMA-AP samples would vary little. Our 
study was also limited to only one cell function (adhesion) 
test. Other cell function tests, including proliferation, alkaline 
phosphatase, and calcein labeling experiments using different 
PMMA samples are currently under way. 

The novelty of this comparative study is that it attempted 
to determine the relative influence of microsized MgO, HAp, 
CS, BaSO^, and Si02 particles on the mechanical, thermal, and 
biological properties of traditional bone cements used for ortho- 
pedic applications. We also developed a novel experimental 
protocol for curing tests on PMMA-type samples. The novelty 
of the setup is that the curing experiment can be conducted at 
constant pressure (60 kPa) and boundary temperature. Addi- 
tionally, the cured sample blocks for the setup can also be used 
for mechanical testing. The results of this study can be used to 
design modified PMMA cements for orthopedic application. 

Conclusion 

CS and BaSO^ are more suitable additives compared with 
other AP based on the mechanical, thermal, and biological 
benefits achieved by their inclusion in PMMA. MgO had 
detrimental effects on the mechanical properties of PMMA 
cement, HAp and Si02 had detrimental effects on the curing 
properties of PMMA cement, AP had no significant effect 
on the modulus of PMMA, and AP significantly improved 
osteoblast adhesion of PMMA. 
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